Introduction
Fowl typhoid in chickens is caused by Salmonella gallinarum and is transmitted by both oral and respiratory routes [2] . The disease can either be acute or chronic and usually results in a high mortality rate [1, 14] . Symptoms include diarrhea, intestinal and womb bleeding, and enlargement of the liver, kidneys, and spleen. Once infection occurs, there is an almost 100% death rate amongst the chickens after a period of three to six months.
Phage therapies have been recently reemerging as potential alternatives to antibiotics [10] . Biocontrol using phages can be applied through food, agriculture, and medical fields [10] . Some phages show virulence only in vitro or only in high concentrations [10] . There are phages that replicate only once after initial infection, leading to lowered antimicrobial efficacy [3, 10] . Despite these drawbacks, phages are good alternatives to conventional antibiotics, especially for antibiotic-resistant pathogenic bacteria [3, 10, 11] . The emergence of antibiotic-resistant bacteria could be greatly reduced if phages rather than antibiotics were applied on a wider scale.
We have isolated three new phages from the environment and present data relating to their initial characterization and in vivo efficacy in diseased chickens.
Materials and Methods

Experimental Animals
We used healthy commercial layer chickens aged six-week-old. The chickens were negative for antibodies against Salmonella enteritidis, Salmonella typhimurium, and Salmonella gallinarum, as tested by ELISA and rapid serum agglutination (RSA) tests (Biocheck, USA). They were caged in a strictly biocontrolled environment.
Bacterial Strains and Bacteriophages
Salmonella gallinarum (KVCC BA00722) was purchased from Korea Veterinary Culture Collection (KVCC, Korea) and was used for infection. Bacteria were cultured in Luria-Bertani (LB) medium at 37 o C. Bacteriophages were isolated from the sewage water treatment facility in Gwachon (Korea), with Salmonella gallinarum KVCC BA00722 as the host. The phages were stored at 4 o C in LB broth.
Propagation of Bacteriophages
Water samples were centrifuged at 11,000 ×g for 10 min and the supernatants were filtered through a 0.45 µm filter. After filtration, the phages were inoculated to log-phase S. gallinarum (KVCC BA00722) grown in 100 ml of LB broth (tryptone 1%, yeast extract 0.5%, NaCl 1%). The culture was incubated at 37 o C until complete lysis. NaCl was added to 6% (w/v), followed by incubation at 4 o C for 1 h. After centrifugation at 11,000 ×g for 10 min, the supernatant was collected and polyethylene glycol 8000 was added to 10% (w/v) followed by incubation at 4 o C for 1 h. The mixture was subjected to another centrifugation at 11,000 ×g for 10 min and the pellet was resuspended in sodium magnesium (SM) buffer (0.1 M NaCl, 1 mM MgSO 4 , 0.2 M Tris, pH 7.5). For the concentration of the phages, glycerol step-gradient centrifugation was employed [13] .
Electron Microscopy
The morphology of the bacteriophages was observed under an energy-filtering transmission electron microscope (TEM). The purified bacteriophage samples were diluted with SM buffer without gelatin. Ten microliters of sample was applied to the surface of carbon-coated copper grids. After 20 sec, the bacteriophage samples were removed using filter paper. Fifteen microliters of 2% uranyl acetate (pH 4.0) was spotted on the grid for negative staining and removed after 20 sec. Prepared samples were observed using TEM (LIBRA 120, Carl Zeiss, Switzerland) at 120 kV.
Host Range Determination by Spotting Assay
Two hundred microliter of fresh cultured bacteria was added to 4 ml of 0.5% top agar and then poured on a 1.5% LB agar plate.
After solidification of the top agar, serially diluted bacteriophage suspensions were spotted on the plates and then incubated at 37 o C for 12 h. Salmonella enteritidis (ATCC 13076), Salmonella typhimurium (ATCC 14028), Salmonella gallinarum (KVCC BA00722), Salmonella pullorum (KVCC BA01822), Escherichia coli DH5α, and Escherichia coli O157 (ATCC 8739) were used as hosts.
One-Step Growth of Bacteriophages
S. gallinarum was cultured in 100 ml of LB broth to mid-log phase and infected with each phage at the multiplicity of infection (MOI) of 0.1. One hundred microliters of culture was removed every 5 min and used for phage quantitation after serial dilutions.
Temperature and pH Stabilities of Bacteriophages
For pH stability tests, sodium acetate buffers (pH 3 to 6), phosphate-buffered saline (pH 7 to 9), and Tris-Cl buffers (pH 10-11) were prepared. Bacteriophage solution and buffer were mixed 
Whole Genome Sequencing
Whole genome sequencing was performed using the Roche 454 GX-FLX system (Switzerland) and the sequence was assembled using the GS De Novo Assembler ver. 2.6 (Macrogen, Korea).
Experimental Design
Six-week-old commercial layer chickens (n = 270) were divided into five groups (Table 1 ). Group 1 "challenged" consisted of 30 birds that were each orally challenged with 1 × 10 8 CFU of S. gallinarum.
Group 1 "contact" birds were housed with the challenged birds without directly receiving S. gallinarum. Groups 2, 3, and 4 each consisted of 30 challenged chickens and 30 contact chickens. All the birds in groups 2, 3, and 4 were treated with 10 8 PFU/kg of bacteriophages in feed additives. Group 5 chickens were neither challenged with S. gallinarum nor treated with any phages (Table 1) . Phage treatment started 7 days before bacterial challenges and continued for 21 days after bacterial challenge.
Re-Isolation of S. gallinarum from Organs of Experimental Animals
Four chickens from each group were sacrificed at 7, 14, and 21 days post-infection. The livers, spleens, and cecums were then removed. One gram of tissue sample was macerated in 10 ml of peptone water broth (Difco) and incubated at 37 o C overnight. One hundred microliters of culture was used for the inoculation of Rappaport-Vassiliadis broth (Difco) for 48 h, followed by plating on xylose-lysine desoxycholate and brilliant green agar (Difco). Anti-Salmonella antiserum (Difco) was used for the identification of the bacteria.
Results and Discussion
From morphological observations under the electron microscope, the three phages (ST4, L13, and SG3) belong to the Siphoviridae family (Fig. 1) . They have isometric heads and long, non-contractile tails. The genomes of the three phages were double-stranded DNA. Whole genome sequencing of ST4 and L13 was carried out. Unfortunately, not all contigs were connected for either phage. The obtained DNA sequences were deposited in GenBank and sequence analysis was performed (GenBank Accession No. JX233783 for ST4 and GenBank Accession No. KC832325 for L13). ST4 and L13 showed genomic DNA sequence homology to other phages, including Salmonella phages vB SenS-Ent1 [16] , SE2 [15] , SETP3 [4] , wksl3 [7] , and SS3e [8] . A partial sequence of SG3 DNA was obtained from four independent shotgun clones (data not shown). They exhibited sequence homology to Enterobacteria phage EPS7 [5] .
The phages have a broad host range among serovars of Salmonella enterica (Table 2 ). L13 and SG3 can infect S. gallinarum, S. pullorum, S. enteritidis, and S. typhimurium. ST4 can infect S. gallinarum, S. pullorum, and S. enteritidis. L13 and SG3 can also infect Escherichia coli strains.
Burst sizes were 1,670, 80, and 28 for phages ST4, L13, and SG3, respectively ( Fig. 2A) . The growth of ST4 was the fastest among the three phages. In terms of efficacy, ST4 showed the highest infectivity in vitro. ST4 was most stable at pH 5-8 and L13 was most stable at pH 9. SG3 was most stable at pH 11 and stability decreased at lower pHs. All three phages showed a decrease in viability at over 45 o C.
Next, we moved to a field test for the in vivo efficacy of phage therapy. Chickens were orally fed with bacteriophages for 7 days before bacterial challenge and 21 days after the challenge. The whole experimental period was 28 days. Contact chickens were not directly infected with S. gallinarum, but were closely housed near challenged chickens. They were exposed to infection only by bacterial transmission from the challenged chickens. Challenged chickens without phage treatment started to die from day 13, and only 40% had survived at the end of the experiment (Fig. 3) . Contact chickens without phage treatment started to die from day 26, but more than 90% survived. Seventy percent of challenged chickens treated with phage ST4 survived, while all the contact chickens treated with ST4 survived until the end of the experiment; 75% of challenged chickens treated with phage L13 survived, while 93% of the contact chickens treated with L13 survived until the end of the experiment; and 50% of challenged chickens treated with phage SG3 survived, while 90% of the contact chickens treated with SG3 survived until the end of the experiment. Thus, phage treatment clearly reduced the mortality rate for both challenged and contact chickens. We also observed whether S. gallinarum used for challenge was re-isolated from organs of the experimental chickens (Table 3) . For challenged chickens without phage treatment, bacteria were re-isolated at 7 days post-infection from the livers and spleens as well as cecums, meaning systemic infection had occurred. The bacterial isolation rate decreased over time, possibly due to survival of only immunocompetent animals. The bacterial re-isolation rate from contact chickens without phage treatment was lower than for challenged chickens.
For the phage-treated groups, systemic infection decreased for all three phages. At the end of the experiment, the phage-treated groups showed a higher rate of bacterial reisolation from the organs than the untreated group. This is not surprising since more than half of the chickens in the untreated groups had already died and only the immunocompetent ones had survived by that time. Chickens could survive in cases where bacterial re-isolation was observed. Although the highest in vitro efficacy was observed with phage ST4, the highest efficacy in vivo was observed with phage L13. The burst size of ST4 was 20 times higher than that of L13. Factors like the temperature stability of phages to withstand the environment of the experimental cages, and pH stability to survive the internal organs of an animal should affect the in vivo efficacy. Thus, efficacies in vitro and in vivo may not always coincide.
There was a recent report that fowl typhoid was controlled by a Salmonella phage in experimental chickens [9] . Phage treatment was reported to be effective only for contact chickens, with no therapeutic efficacy in challenged chickens. In contrast, the efficacy of phage treatment was largely observed in challenged animals rather than contact ones in our experiment. However, the dose of pathogenic bacteria used for the challenge was different in both studies. In addition, the bacterial strains differed, with different virulence. Since challenged chickens were effectively treated with phages, fewer contact chickens were infected with transmitted bacteria in our experiment.
In summary, we have shown that phages are an effective treatment for fowl typhoid disease in chickens. b dpc: days post-challenge.
